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 The widespread adoption of hybrid organic-inorganic solar cells has been 
delayed by low performance.  Improving performance requires a firm 
understanding of how to optimize both material composition and processing 
parameters.  In this thesis, we examine processing parameters that include 
solution composition, annealing temperature, and the rates of spin casting and 
evaporative coating.  We also find that the optimal weight ratio for the active 
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 The United States Energy Information Administration (EIA)[1] recently 
released its 2010 International Energy Outlook (IEO).  In this report, they 
forecast that the world’s energy consumption will rise by 49 percent from 2007 
to 2035 and question the viability of coal and petroleum-based fuel sources in 
light of issues with supply and legislation.  As a natural consequence, the EIA 
expects the amount of energy generated by renewable sources to grow, and 
also points out the large amount of work that must be done to develop 
renewable sources of energy and fill the gap that they see developing.       
Because the sun provides renewable energy to our planet in an amount 
that can meet the world’s energy demand many times over, photovoltaics (PV) 
become an attractive approach to help meet the world’s growing energy 
demands [2-4].  Relative to the conventional sources of energy like oil, coal, 
natural gas, and nuclear, photovoltaics also provides useable energy that is less 
harmful to the environment and more consistently available and geographically 
versatile, and from a local American perspective, a boost to national security 
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[5].  Currently, only 0.1 % of the total electricity generated in the United States 
comes directly from sunlight [4]. 
In the year 2005, more than 90 % of the photovoltaic cells manufactured 
around the world were made with crystalline silicon (c-Si).  Virtually all of the 
rest were made with thin-film technologies like amorphous silicon (a-Si), 
cadmium-indium-gallium-selenide (CIGS), and cadmium telluride (CdTe) [6].  
Though the roadmaps of the energy administrations of the United Nations, 
United States, and European Union call for Si technology to remain the most 
popular for at least the next 20 years, they all forecast that new technologies 
like dye-sensitized solar cells and organic solar cells will see an increased 
market share.  It is also a stunning statistic, and a probable sign of things to 
come, that since 1990, 27 % of worldwide patent applications have been 
related to organic solar cells [7]. 
 
1.1  Organic solar cells 
Organic materials for photovoltaics are particularly attractive because 
they are less expensive, more readily available, and can be processed in 
solution.  These factors can bring the total manufacturing cost down compared 
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to traditional silicon cells or other thin-film cells like CIGS.  But even with the 
lower cost of manufacturing, these organic cells still need to perform better in 
order to compete with traditional methods of power generation.    
 The foundation for the field of organic photovoltaics was laid by Heeger, 
MacDiarmid, and Shirakawa, who discovered conductive polymers in the late 
1970’s [8].  This discovery earned them the 2000 Nobel Prize in Chemistry.  In 
1995, Heeger’s group at UC-Santa Barbara published a landmark study using a 
blend of the polymer poly(2-methoxy-5-(2`-ethyl-hexyloxy)-1,4-phenylene 
vinylene) (MEH-PPV) with phenyl-C61-butyric acid methyl ester (PCBM) to make 
a working photovoltaic device [9].  This work established the conjugated 
polymer-based model of organic photovoltaics, and this material combination 
currently provides the best performing organic solar cell, having reached a 
power conversion efficiency of 6 % [10]. 
   
1.2  Organic polymers 
Recent developments of additional conductive polymers have also added 
to the variety of types of organic solar cells.  The most versatile and widely 
studied polymers in electronics, polythiophenes, are easily synthesized and 
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modified and are the best performing polymers.  They are also soluble in a 
variety of organic solvents due to irregular functional groups.  This structure, 
however, also leads to steric interactions, which limit conformation and can 
alter the polymer’s energy levels [10].  Even still, polythiophenes are strong 
absorbers across a broad range of energies.  Their energy gap matches the 
energies of photons in the visible spectrum; additionally, they can also absorb 
lower energy photons because of domains with extended π-stacking, which 
supports intermolecular excitons [11]. 
Shown in Fig. 1, P3HT, which is poly(3-hexylthiophene-2,5-diyl) [12] is 
particularly attractive because of its high hole mobility.  It is also soluble in a 
variety of organic solvents, and tends to crystallize into ordered domains [13].  
Because of these qualities, P3HT in particular is being very heavily studied 
among the polythiophenes in many types of organic electronics. 
 
1.3  Hybrid organic-inorganic photovoltaics 
In recent years, attempts have been made to use inorganic materials to 
replace PCBM alongside the polymer in organic solar cells.  In addition to being 




Figure 1.  Structure of Poly(3-hexylthiophene-2,5-diyl) used in this thesis.  Image 
from Rieke Materials catalog [12]. 
 
that align better with the electron donors like P3HT.  For example, the 
difference between the LUMO levels of P3HT and PCBM is more than 500 mV 
higher than it needs to be for electron transfer to occur [4].  This 500 mV is lost, 
a casualty of selecting a non-ideal material.  Inorganic electron acceptors that 
have been used include ZnO [14-16], CdSe [17], TiO2 [18], PbSe [19], CuInS2 [20], 
as well as CuPc [21-23] and ZnPc [24] combined with C60 fullerene molecules. 
Titanium dioxide in particular has gotten a lot of attention because of its 
extensive use in dye-sensitized solar cells.  Greenham [25] mentions that metal 
oxides like TiO2 offer advantages such as being less toxic than most II-VI 
semiconductors, relatively easy to synthesize, less expensive, and electronically 
conductive.  They also have higher dielectric constants than organic materials, 
meaning that they absorb a larger portion of the energy in an incident electric 
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field.  This quality makes for a lower exciton binding energy, the importance of 
which is discussed in the following section. 
 
1.3.1  Zinc oxide:P3HT solar cells 
Zinc oxide (ZnO) is an attractive material for many of the same reasons 
as TiO2, plus its energy bands are naturally positioned to accept electrons from 
P3HT by allowing exciton dissociation with minimal energy loss.  As shown in 
Fig. 2, it is incorporated into the active layer of the cells used in this thesis. 
 
1.3.2  Device performance and architecture 
 Photons in hybrid organic-inorganic cells are absorbed by the 
polymer, creating an exciton.  Unlike the free electron and hole created upon 
absorption in a typical semiconductor, this exciton is a bound electron-hole pair 
in an excited state.  Though the exciton is created, Fig. 3(a) shows that the 




Figure 2.  Schematic of P3HT:ZnO solar cell architecture and (b) bulk 
heterojunction morphology.   
 
semiconductors.  To be converted to free charge carriers, this exciton must 
move to a donor-acceptor interface where it will dissociate.  This dissociation 
process takes further energy, which must be supplied by the electric field of the 
device.  Upon dissociation, the electron will transfer to the inorganic acceptor, 
and the hole will recede back into the polymer.  This whole process is guided by 
the energy levels of Fig. 3(b) [31-34]. 
 If an exciton does not reach a donor-acceptor interface before it 
recombines, the energy is of the exciton is lost as waste heat and cannot be 
used.  When the electron recombines with the same hole with which it was 
originally generated, this recombination is known as geminate recombination.  
Geminate recombination is, in fact, the dominant factor in quantum efficiency 
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(conversion of absorbed photon to free charge carrier) and current-voltage 
performance [26].  It is, therefore, of critical importance that excitons are 
created in close enough proximity to an interface so that they can diffuse and 
be separated before recombination.  In P3HT, the typical exciton diffusion 
length is only 5 - 10 nm [27].  This short length necessitates intimate contact 





Figure 3.  (a) Relevant energy levels in metals and organic/inorganic 
semiconductors and (b) the energy schematic of a ZnO:P3HT solar cell with the 
relevant energy levels (the values are from refs. 31-34). It is observed that the 
LUMO in organics is analogous to the conduction band in inorganics; similarly, 
the HOMO is analogous to the valence band.  φ is the work function, or energy 
required to strip an electron from a metal.  IE is the ionization energy, or energy 
required to strip an electron from a nonmetal, and EA is the electron affinity, or 
energy given off when a material accepts an electron.   
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 As shown in Fig. 4, a bulk heterojunction is a somewhat random mixture 
of two different components that must have two features to work successfully.  
First, the two components must be very intimately mixed.  That is to say the 
interfacial area between the two phases should be maximized.  It is also 
important that every exciton generated in P3HT is within that 5-10 nm diffusion 
length of a ZnO domain.  Second, from every interface, each of the phases must 
form a continuous path to its respective electrode so that there can be a net 
positive current to an external load.  Due to the kinetics of bulk heterojunction 
ordering, altering the film casting conditions can tailor the degree of 
crystallization and the zinc oxide – P3HT phase separation [4].   
 
 
Figure 4.  Bulk heterojunction: the red region corresponds to P3HT, while the 
yellow region corresponds to ZnO.  Only the ZnO domains that connect to the 
top contact are useful for charge transfer, as the isolated domains cannot 




 Since the charge separation occurs at the interface, the open-circuit 
voltage (Voc) evolves from the energy gradient at this point.  Specifically, it 
depends on the offset between the HOMO level of the P3HT and the LUMO of 
ZnO.  Shown in Fig. 3(b), these energy levels provide a maximum open-circuit 
voltage of 0.8 V.  
 Short circuit current (Jsc) depends on the efficiency of charge separation.  
It is, therefore, a product of the very structure itself.  To have current that can 
power an external load, two things need to happen with an exciton.  First, it 
must reach an interface to dissociate.  This is where the intimate mixing of the 
bulk heterojunction structure comes in.  As mentioned above, these excitons 
need additional energy to dissociate; that additional energy is found in the band 
offsets at the donor-acceptor interface.   Second, the unbound electron must 
have a ZnO path that carries it all the way to the cathode (back contact), while 
the unbound hole must have a P3HT path that leads all the way to the anode 
(transparent electrode) of Fig. 2.  Hopping of electrons between ZnO 
nanoparticles is, therefore, a major factor in device operation [25].   
The other primary parameter measuring solar cell performance is fill 
factor.  As a measure of the shape of the current-voltage curve, fill factor 
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depends strongly on carrier recombination strength, buildup of space charge, 
and shunt and series resistances [10].  These factors are all significantly affected 
by the structure and the integrity of the charge transfer paths in the active 
layer.   
 Work done on MDMO-PPV:ZnO cells demonstrates that the ratio of the 
materials used has a profound impact on performance [28].  In fact, this ratio 
appears to be one of the most important variables that must be optimized to 
raise device efficiency.  We expected the P3HT:ZnO ratio to have a similarly vital 
effect in this type of cell, and the investigations reported later in this paper 
prove that supposition to be true.   
 
1.4  PEDOT:PSS buffer layer and aluminum and indium tin oxide electrodes 
 Poly(2,4-alkylenedioxythiophenes), or PEDOT type polymers, are used as 
a buffer layer in ZnO:P3HT solar cells.   As shown in Fig. 2, this layer is 
sandwiched between the active layer and the transparent indium tin oxide 
anode.  Combined with polystyrene sulfonic acid to make PEDOT:PSS, this 
material has a low HOMO-LUMO band gap that allows for a tremendously 
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stable, intrinsically conductive polymer that is a material of choice for organic 
light-emitting diodes and organic solar cells [29].  
PEDOT:PSS is usually in an aqueous dispersion, and is most reliably 
deposited by spin coating.  Once deposited, these films should be annealed to 
remove water content in most devices.  The material will also take up moisture 
when handled in ambient after baking, so processing in an inert atmosphere is 
important for achieving reproducible results [30].   
The major benefit of incorporating PEDOT:PSS into these solar cells is 
that it helps to planarize the rough indium tin oxide surface.  In fact, according 
to Jonda et. al. [35], a 50 nm layer of PEDOT:PSS can reduce the root-mean-
square roughness of ITO from 10 nm to 3 nm.  This increased smoothness can 
have dramatic, positive ramifications for the conversion efficiency of this device 
by decreasing the instance of electrical shorts [30].  
 With the energy profile of Fig. 3(b), PEDOT:PSS is a seamless step in the 
transport of holes to the transparent electrode.  More importantly, it also 
diminishes the importance of the ITO work function because it has such a high 
density of free charge carriers that the Fermi levels of ITO and PEDOT:PSS 
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become continuous as in perfect metals.  Also, the mobility is high enough that 
the voltage drop across this buffer layer can be neglected [36].  
 There are two problems with PEDOT:PSS that warrant attention.  The 
first is that it is acidic, with a pH in the range of 1 – 2.  Such acidity is suspected 
to dissolve indium from the ITO electrode, which can then potentially migrate 
to the active layer.  Such impurities degrade the performance of the device [37].  
The second is that, as mentioned before, PEDOT:PSS takes up water.  If this 
water gets into the device, it can corrode metal contacts or damage other 
organic semiconductors.  Processing in an inert atmosphere is the best way to 
alleviate this problem.   
 The aluminum and indium-tin-oxide (ITO) electrodes of Figs. 2 and 3(b) 
are the final materials required to maximize this cell performance.  Al is a metal 
with a work function φ,of -4.2 eV; this aligns just beneath the LUMO of ZnO to 
allow seamless transport of electrons to the external circuit with minimal 
energy loss.  The opposite contact must be transparent, because the photons 
from sunlight must pass through this layer to get to the active layer and be 




1.5  Solution processing 
 As mentioned above, the ability of these materials to be processed in 
solution has the potential to make large-scale production of hybrid organic-
inorganic cells much less expensive than the existing PV technology.  It can even 
enable the possibility of roll-to-roll processing.  The first major variable when 
discussing solutions is which solvent to choose.  The active layer must be spin 
cast from a solution, in which the solvent must be able to dissolve both the 
organic P3HT and the inorganic ZnO.  Solubility of P3HT increases in switching 
from methanol to hexane, increases again moving on going to xylene, and 
reaches a maximum with chloroform [38].  Fortunately, chloroform is a 
common organic in which ZnO also has a high enough level of solubility to 
prepare the active layer [28].  
When dealing with films cast from solution, it is known that slower 
drying of films allows reorganization, which yields three dimensional crystalline 
order [39-40].  Faster deposition, as in spin casting, alters the molecular 
orientation; if too fast, it prevents significant reorganization and results in a 
material with many agglomerates [41].  Spin rate, therefore, is a very important 
parameter in cell-making, since it affects the rate at which the solvent dissolves 
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– and, ultimately the morphology.  Factors that still need to be understood 
include differential solubilities of polymers and nanocrystals, nanocrystal 
aggregation in solution, instabilities during spin coating, and differential 
evaporation from solution [42]. 
 
1.6  Objectives of this thesis 
 To compete with existing photovoltaic technologies, these ZnO:P3HT 
cells must perform at much higher levels than they are currently able to 
achieve.  That performance depends intimately on cell processing and material 
composition.  Accordingly, the purpose of this thesis is to observe how material 
composition and processing parameters affect the performance of these 
ZnO:P3HT solar cells, and then to use that information to optimize the cells.  In 
particular, the material composition to be optimized includes the concentration 
of materials processed in solution as well as the ratio of ZnO and P3HT in the 
active layer.  Processing parameters to be optimized include spin coating and 








A portion of this work focused on optimizing processing conditions for 
P3HT:ZnO solar cells.  The materials making up the cells are important, but the 
same materials can perform in widely varying ways depending on how they are 
processed. 
 
2.1  Substrate preparation 
The ITO-on-glass slides (commercially available from Nanocs) were 
etched to decrease the area covered by ITO so that the back contact could be 
added to the solar cell.  The slides were covered with Kapton (polyimide) tape, 
leaving exposed the ITO that was to be removed with etchant.  On average, 
resistance across the ITO surface was approximately 20 Ω to begin with.  The 
etchant solution consisted of 2 mL nitric acid and 5 mL hydrochloric acid added 
to 13 mL deionized water.  This solution was heated to 75 
o
C, and the glass slide 
was added to the solution for five minutes.  The glass slide was then moved to a 
beaker of tap water to rinse off any remaining etchant, and the Kapton tape 
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was removed.  Finally, the etching was verified with resistance measurements 
showing that the area that was etched had immeasurably high resistance, while 
the non-etched area demonstrated 25-30 Ω resistance across the length of the 
surface.   
After etching, the slides were then cleaned by sonication in a series of 
solutions [43-44].  Each sonication step was 10 minutes in duration.  First, the 
slides were placed in beakers with ~15-20 mL solution of Alconox detergent 
(pre-mixed with deionized water) and sonicated.  Next, sonication was done in 
the same amount of deionized water, the slides were rinsed, and the step was 
repeated once more with deionized water.  The slides were then successively 
sonicated in solvents of acetone and isopropyl alcohol.  Finally, they were 
cleaned using a Harrick PDC-32G plasma cleaner.  The plasma cleaner was used 
with O2, and ran for three minutes on the unit’s “medium” setting. 
 
2.2  Zinc oxide nanoparticle synthesis 
Among other variables, this thesis compared the effect of ZnO particle 
size on cell performance.  To that end, two primary sizes were used.  The first 
was a commercially available ZnO powder (Alfa Aesar, Zinc oxide NanoGard®) 
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with a nominal particle diameter of 100 nm.  The x-ray diffraction data for this 
powder is shown in Fig. 5(a).  The second was a ZnO nanoparticle prepared by 
solution processing specifically in this thesis. 
These ZnO nanoparticles were made using a combination of methods 
from available in the literature [28,45,46].  This hybrid method used two 
precursor solutions.  The first was 2.95 g zinc acetate dihydrate (98+%, 
commercially available from Acros Organics) dissolved in 125 mL methanol 
(Fisher Scientific).  This solution was heated to 60 
o
C.   
The second solution contained 1.48 g potassium hydroxide (Fisher 
Scientific) dissolved in 65 mL methanol.  Under vigorous stirring, this second 
solution was added to the first over a period of thirty minutes using a burette.  
The resulting solution was heated and stirred for four hours.  It was then put in 
a centrifuge for thirty minutes to separate the precipitate and mother liquid, 
washed once with 40 mL of methanol, and allowed to rest for one hour.  Finally, 
the solution was run through the centrifuge one more time, the mother liquid 
was poured off, and the precipitated nanoparticles were treated with 10 mL of 
chloroform (Fisher Scientific).  This final solution was mixed with P3HT to form 
the bulk heterojunction for the active layer of the nanoparticle cells.  Based on 
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XRD data, it was observed that the structural integrity of the nanoparticles in 
solution remained for one week; the particles could not be used if they were 
kept in solution for more than a week. 
The resulting nanoparticles were examined by X-ray diffraction, and the 





the presence of some zinc hydroxide in addition to the zinc oxide.  The X-ray 
diffraction results were taken using a Philips APD 3520 powder diffractometer 
in the range of 2θ = 25-80°, with 0.01° steps and a five second dwell time.  The 
results of the XRD were used to determine the size of the nanoparticles using 
the Debye-Scherrer equation [47], 
d = 0.9λ/(Bcosθ), 
where d is the average diameter of the particle, λ is the wavelength of the 
radiation used, B is the FWHM in radians, and θ is half of the scattering angle.  
These calculations show that the diameter of the nanoparticles was 
approximately 8-10 nm.  These calculations used the four most intense peaks, 
averaging them together.  Similar calculations confirmed that the commercially 





Figure 5.  X-ray diffraction pattern of ZnO nanoparticles used in the active layer 
of solar cells. (a) The commercially available 100 nm diameter particles 
demonstrate a pattern with less noise than the (b) solution processed, 10 nm 
diameter particles.  FWHM calculations confirm the particle sizes. 
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2.3  Mixing with P3HT 
 The P3HT (Rieke Materials) was weighed and mixed with chloroform in a 
sealed, amber vial and stirred for five hours on a hot plate (Torrey Pines 
Scientific) at 900 rpm and 50 °C in an argon atmosphere.  An appropriate 
amount of ZnO nanoparticle solution was mixed this P3HT solution to achieve 
the desired material ratio, and the combination was stirred at 900 rpm and 50 
°C for 24 hours in an argon atmosphere.   
 
2.4  Depositing 
 PEDOT:PSS (H.C. Starck, Inc.) was spin coated using a KW-4A Spin Coater 
from Chemat Technologies, followed by a transfer to the hot plate for annealing 
to remove the excess water.  After annealing, the bulk heterojunction layer was 
spin coated.  The spin rates are discussed in the next section. 
 
2.5  Aluminum evaporation 
 For evaporation of the aluminum electrode, the cells were placed in the 






Figure 6.  (a) The mask used for aluminum deposition and (b) the evaporator 




shape.  The electrode was coated using an old evaporator shown in Fig. 6(b) 
that was reconfigured with spare parts.  Unfortunately, in transferring the cells 
to the evaporator, they had to be brought out of the glove box and exposed to 
air.  The operating parameters are discussed in Chapter 3.   
 
2.6  Annealing 
 The first annealing step was already mentioned; it took place 
immediately after the PEDOT:PSS is deposited to remove the excess water.  The 
final annealing step took place after the aluminum electrode was deposited.  
Annealing was performed in an argon atmosphere for ten minutes at various 
temperatures, the effects of which are described in the results section.  The 
finished cell is shown in Fig 7. 
 
2.7  Testing 
 Testing was performed in a special set-up described below.  The cells 
were placed in a mount with connections to a Keithley 2400 electronic 
multimeter that measured both current and voltage.  The mount was in the  
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Figure 7.  (a) An example of a finished cell and (b) SEM image (taken with a JEOL 




same argon atmosphere as all previous steps, with the exception of aluminum 
evaporation.  They were illuminated by an AM 1.5 solar simulator (Newport), 
and the current-voltage data was read into a custom LabView program. 
One consideration that has to be taken into account when testing is that 
short-circuit current density calculations use the area of aluminum cathode 
[43].  The area of this contact, controlled by the mask used during deposition, is 
0.09 cm
2
.  Also, since thermal stress and visible light soaking erode the stability 
of the cells due to morphological changes and photochemical polymer 
degradation, the light source was only illuminating the cells for one second at a 










RESULTS AND DISCUSSION 
 
As mentioned above, much of this work deals with optimizing processing 
conditions to maximize the performance of the materials used.  Several 
variables regarding the material composition were also studied, and this section 
presents the results of attempts to optimize both processing conditions and 
materials composition.   
 
3.1  Aluminum deposition 
To figure out how to appropriately use the evaporator to deposit the 
correct amount of aluminum for the back contact, experiments were 
undertaken to determine the rate at which aluminum was deposited.  It is 
important that one not deposit too rapidly, or else the high energy aluminum 
particles can ablate other particles from the surface.  At the same time, the 
current must be high enough to vaporize the aluminum.  Therefore, the optimal 
level is the lowest temperature that causes vaporization. 
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The evaporator is configured with aluminum wire wound into a tight ball 
and heated to evaporation in a tungsten wire basket.  The two variables 
involved were amount of time and amount of current used in the heating 
element.  The minimum level of current that we could monitor with this 
apparatus is 10 A, so that was chosen as the starting point.  At this level of 
current, the basket did not heat up enough to vaporize the aluminum.  With 
increasing the current, appropriate vaporization was observed at approximately 
15 A, and that level of current was chosen. 
The time was then varied to determine the duration required to reach a 
thickness of 100 nm, which had been shown in the literature to be an 
acceptable number [15].  Measurements taken with the Veeco Dektak3 surface 
profiler demonstrate that evaporation at 15 A for two minutes yielded an 
approximate thickness of 40 nm, five minutes yielded 70 nm, and seven 
minutes yielded 100 nm.  Thus, seven minutes was chosen. 
 
3.2  PEDOT:PSS and active layer deposition 
Similarly, the surface profiler was used to help determine optimal 
settings for the deposition of solutions with the use of the spin coater.  As had 
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been documented in the literature, we wanted to achieve a PEDOT:PSS layer 
thickness of approximately 50 nm, and an active layer thickness in the range of 
ca. 250 - 300 nm [14,25]. 
With spin coating, it is difficult to get even coverage of the substrate 
because different parts of the substrate move at different velocities as the glass 
slide spins.  Measurements were taken on the relevant area of the surface (the 
part at which the aluminum contacts were deposited) so that the thicknesses 
would be as accurate as possible.   
With the other variables of operation, we opted for the equipment’s 
default parameters.  These parameters included starting with 10 s of rotation at 
500 rpm, followed by 60 s of rotation at the speed we chose.  With PEDOT:PSS, 
60 s of rotation at 2000 rpm yielded a layer thickness of approximately 90 nm, 
while rotation at 3000 rpm yielded the desired layer thickness of approximately 
50 nm. 
With the standard active layer solution, we again started with 2000 rpm.  
This speed yielded an active layer thickness of approximately 200 nm, while 
1750 rpm yielded an approximate layer thickness of 240 nm, and 1500 rpm (the 
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minimum spin rate) yielded an approximate layer thickness of 270 nm.  Thus, 
1500 rpm was chosen. 
 
3.3  Annealing temperature 
In optimizing the production process, one of the most important 
variables is the temperature at which the cells are annealed.  In only one paper 
referring to similar cells is an annealing temperature specifically mentioned, 
and that temperature is 160 
o
C [49].  Since the annealing done in that particular 
setup was in a vacuum oven rather than a hot plate, a slightly lower 
temperature range was first examined. 









C.  Short circuit current density increased with increasing 
temperature to 130 
o
C, then decreased again at 150 
o
C. Open circuit voltage 
actually decreased with increasing annealing temperature throughout the range 
tested.  Most importantly, the overall performance measured by output power 
followed the trend of the short circuit current, increasing with increasing 
temperature up to 130 
o
C, where it peaked and then decreased again at 150 
o





Figure 8.  J-V performance of cells processed with identical materials and 
through identical steps, with the exception of the temperature of the annealing 
steps after deposition of the PEDOT:PSS layer and the Al contact. 
 
3.4  Active layer solution concentration  
The cells to be made in the architecture of Figure 2(a) are to match the 
P3HT:ZnO cells that had performed best in the literature [15].  Deferring to the 
literature on the order and thickness of layers, the major remaining variables 
that affect performance are those related to material composition of the active 
layer.  The first step in determining the appropriate material composition is to 
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find the optimal concentration for the solutions from which the active layer is 
deposited. 
This comparison was first attempted with the smaller 10 nm ZnO 
particles.  The most frequent examples in the literature were 20 and 10 mg mL
-1
.  
In all, concentrations of 5, 10, 15, and 20 mg mL
-1
 were chosen for testing.  As 
shown in Table 1, cells made with solution concentrations of 10 mg mL
-1
 
exhibited the best performance at both ratios of P3HT and ZnO. 
Therefore, all further cells were made with active layers deposited from 
solutions with a material concentration of 10 mg mL
-1
.  The next variable to be 
tested was the size of the ZnO nanoparticles.  In the examples given in the 
literature, great care and extra effort were taken to synthesize nanoparticles on 
the order of 1-10 nm.  If larger, less expensive, and more easily synthesized 
particles could be used with no loss in performance, then that substitution 









Table 1: Cell performance varying with material composition and solution 
concentration for cells with 10 nm ZnO particles in the active layer.  The 
best performing cells are in bold (based on power output). 
Wt. % ZnO concentration (mg mL
-1
) Voc (V) Jsc (mA cm
-2
) FF Power (mW cm
-2
) 
50 20 0.07 0.46 0.25 0.008 
50 15 0.08 0.63 0.27 0.014 
50 10 0.08 0.72 0.28 0.016 
50 5 0.07 0.59 0.28 0.012 
40 20 0.17 0.40 0.26 0.018 
40 15 0.17 0.57 0.28 0.027 
40 10 0.17 0.62 0.28 0.030 







3.5  Size of ZnO nanoparticles 
For ZnO nanoparticles to be made on the order of 1-10 nm in diameter, 
many effort-intensive processes must be carried out.  100 nm ZnO particles, on 
the other hand, are commercially available and much less expensive than the 
cost of the solvents and precursors used in all of the nanoparticle synthesis 
methods reviewed for the work in this thesis.  No studies have shown either if 
such large particles could function in P3HT:ZnO solar cells, or to what degree 
they affect the performance of these cells.  Such observations should help gain 
further insight into the morphology of these cells and how it affects 
performance. 
As shown in Table 2, the cells made with the 100 nm ZnO particles were 
significantly outperformed by those made with the 10 nm ZnO particles at all 
three material ratios tested.  Two primary effects were noted to explain this 
general observation.  First, the voltage was actually higher for the cells made 
with larger ZnO particles.  Since voltage depends on the energy level splitting 
between donor and acceptor, the larger ZnO particles probably preserve the 
integrity of the P3HT domains and structure, creating more P3HT-P3HT 
interactions and maintaining the energy levels.  This is most likely due to larger 
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amounts of agglomeration and phase segregation.  Second, the current 
increased by a factor of 20-40 with the smaller ZnO particles.  Since the ability 
of the cell to transfer charge is intimately related to exciton dissociation and 
percolation pathways in the active layer, the smaller particles must allow for a 
more intimate mixing of materials and a better connection of ZnO particles to 
form such pathways.   
 
Table 2: Variation of cell performance with composition and size of ZnO particles in 
the active layer. 
Wt. % ZnO 
Diameter of  













60 100 0.20 0.042 0.25 0.0021 
60 10 0.08 0.78 0.26 0.016 
50 100 0.27 0.026 0.27 0.0019 
50 10 0.08 0.72 0.28 0.016 
40 100 0.44 0.021 0.24 0.0022 





3.6  Cell material composition 
Examples in the literature have mentioned an optimal material 
composition for the P3HT:ZnO cell, but none has given a quantitative analysis of 
how that composition was determined or the effect of varying composition on 
cell performance.  Such a quantitative analysis was a major goal of this project. 
Many works in the literature found optimal performance at a P3HT:ZnO 
ratio of 50 wt. % : 50 wt. % [14,15,50].  As shown in Table 3 and Fig. 9, this 
tested ratios in this thesis included ZnO compositions of 30, 35, 40, 45, 50, and 
60 wt. %.  These values were chosen by starting with the 50 wt. % value that 
other groups had found, and then 40 and 60 wt. % were arbitrarily chosen to 
observe how altering the amount of ZnO affects the performance.  It was seen 
that performance improved by lowering the amount of ZnO to 40 wt. % and 
became worse by increasing the amount of ZnO to 60 wt. %.  Therefore, the 
next steps required looking at other amounts of ZnO in the direction that 
improved performance until the optimal amount was found.  
It turned out that 40 wt. % was the optimal amount, as both increasing 
or decreasing the ZnO from that point reduced the overall power output of the 
cell.  As shown in Fig. 10, this cell achieved Voc = 0.17 V, Jsc = 0.62 V, FF = 0.28, 
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and overall power conversion efficiency, η = 0.03%.  These results are in slight 
contrast to those of Beek [15] and Oosterhout [50], which optimized 
performance with 50 wt. % ZnO.  These studies used cells with thinner active 
layers (about 50-100 nm thinner), limiting the number of photons that could be 




Table 3: Variation of cell performance with composition 
for cells with 10 nm ZnO particles in the active layer. 












60 0.08 0.78 0.26 0.016 
50 0.08 0.72 0.28 0.016 
45 0.12 0.68 0.27 0.022 
40 0.17 0.62 0.28 0.030 
35 0.28 0.31 0.26 0.023 










Figure 9.  The variations of (a) voltage, (b) current, and (c) power with the 
amount of ZnO in the active layer.  It is observed that current and voltage tend 
to change in opposite directions as the ZnO content changes, and that the 


























































Even though thinner layers limit absorption, it is often necessary to use 
them with cells of this material composition due to issues with charge 
transport.  Particularly, over the longer distance of a thicker active layer, it is 
more difficult to maintain continuous charge transport pathways that reach the 
electrodes.  The thicker active layers in this project, however, yielded a current 
that was on the same order of magnitude as those found in the literature.  This 
finding suggests that it is possible to achieve higher levels of performance by 
combining the greater absorption found by increasing the amount of absorbing 
material with the efficient charge transport of a thinner layer. 
 
Figure 10.  The current-voltage, or J-V, profile of the best performing cell. 
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3.7  Morphology, performance, and prospects for the future 
The Janssen research group [50] of the Netherlands recently published a 
study on how morphology can affect the performance of P3HT:ZnO solar cells.  
Using electron tomography, they were able to quantify the spherical contact 
distance between P3HT and ZnO and the ZnO percolation pathways used for 
charge transfer in these cells.   
Consistent with the principles presented in this paper, they found that 
charge generation depended on P3HT:ZnO spherical contact distance.  The cells 
that were best at generating charge had approximately 97 % of the P3HT within 
a 10 nm shortest distance of a ZnO domain.  Changing this figure by just a small 
amount can have a significant difference.  In fact, for cells having only 85 % of 
the P3HT within that same 10 nm shortest distance of a ZnO domain, the 
performance drops in half.     
They also saw that charge transport depended on the ZnO percolation 
pathways, but there was not as large of a difference in those pathways among 
the cells tested.  One figure reported was the percentage of ZnO that was part 
of a pathway that actually reached the aluminum electrode (cathode).  As the 
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thickness of the active layer varied, the percentage of ZnO connected to such a 
pathway varied little.   
These results can help us by providing a framework to understand the 
current work.  We see two competing effects: voltage varies inversely with 
increasing ZnO content, while current varies directly with increasing ZnO 
content.  In light of the study in the literature [50], we know that current 
depends on the intimacy of mixing of P3HT and ZnO.  As the ZnO content 
increases, there is a larger fraction of P3HT that is close enough to a ZnO 
domain for charge separation to occur.  We see an exponential increase of 
current with ZnO content in the range tested, and this combined with the data 
of Oosterhout et. al. [50] can allow us to more precisely quantify the intimacy of 
mixing and how it affects performance.    
Additional ZnO also increases the amount and size of percolation 
pathways, which further improves charge transport.  The reason that the 
increase in current does not continue to occur with additional ZnO content past 
a certain point is most probably due to competing absorption factors: with 
greater amounts of ZnO, there is less light-absorbing P3HT.  Hence the need to 
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find an optimal ratio, which is what this project set out to determine 
quantitatively.   
The observed variation of voltage is most likely due to morphological 
changes as well.  Voltage depends on the position of the polymer’s energy 
bands, and these bands can change based on how the physical structure affects 
polymer-polymer interactions in space [51].   
In addition to looking further at the relevant structures, another exciting  
avenue for future research comes in the form of new materials.  For example, 
the lower band gap of poly[(4,4-bis(2-ethylhexyl)-cyclopenta-[2, 1-b; 3,4-
b’]dithiophene)-2, 6-diyl-alt-2, 1, 3-benzothiadiazole-4, 7-diyl], or PCPDTBT, 
allows it to be a more effective absorber than P3HT.  This narrower band gap is 
due to PCPDTBT being a copolymer that uses alternating electron-withdrawing 
and electron-donating components to stabilize the quinoidal form of the 
polymer, narrowing the band gap.  Peet et. al. [4] have done some work with 
this material and believe its incorporation can push the performance of organic 
solar cells to the 10% efficiency threshold.     
At the highest level, the goal of this work is to create solutions that allow 
PV technologies to be made at a low enough cost to compete with energy from 
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traditional sources.  If organic solar cells are going to become a large part of the 
future of solar power, work must be continued on all facets of their 
development.  One final important factor in this process is the manufacturing 
techniques used to make these cells.  A potential breakthrough is found in roll-
to-roll processing [52], which can sharply improve efficiency and lower the 














SIGNIFICANCE AND FUTURE WORK 
 
The major focus of this work was on optimizing the ZnO:P3HT solar cell, 
from its composition through all processing steps.  As an intellectual endeavor, 
the project furthers understanding of this class of cells.  Taken in context with 
other work discussed in section 3.7, this result is magnified. 
This type of solar cell is very promising because the materials and 
processing steps are less expensive than those of existing photovoltaic 
technology; the major issue is performance.  In its current state this 
technology’s performance is so low that, even with the decreased 
manufacturing cost, the overall cost per unit of energy is still higher.  This 
project addressed the major barriers to increased performance: optimization of 
processing variables and material composition. 
Some further work is already being done using this material combination 
as an ordered structure rather than a bulk heterojunction.  In that arrangement, 
the ZnO is formed into a repeating nanostructure and the P3HT deposited into 
it [16].  In principle, this approach can potentially alleviate the issues with 
charge generation by ensuring that donor-acceptor interfaces occur within an 
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exciton diffusion length of where the photon is absorbed.  This process, 
however, adds cost into the manufacturing process.  It remains to be seen 
whether the performance can be improved enough to warrant that extra effort. 
If it can be further optimized, the bulk heterojunction approach may still 
prove to be the best route forward.  The key to an effective bulk heterojunction 
is intimacy of mixing and unobstructed pathways to the electrodes.  Some new 
methods of making bulk heterojunctions in situ, or mixing the precursors during 
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